Abstract-The accurate representation of the transmission line parameters is essential for several monitoring and control applications accommodated in the control center of the power system. In this sense, it is always important to update the database of the transmission line parameters which might be obsolete and/or contain erroneous parameters. The validation and the correction of any inconsistencies related to the power system model is one of the natural applications of the Synchronized Measurement Technology. One way for line parameter refinement is the use of Phasor Measurement Units at the two ends of the transmission line. In this paper, the error that is associated with the calculation of the line parameters is examined. The effect of uncertainties that are introduced to the PMU measurements by both instrument transformers and PMUs on the calculation of the transmission line parameters is investigated by performing several case studies in the IEEE-14 bus system.
I. INTRODUCTION
The structure of the power systems is changing in size and complexity due to the ever increasing electricity demand and the large integration of renewable energy sources. Despite the challenges faced by the power system operators today, the stability and the proper operation of the power system should be guaranteed under any circumstances. In this sense, the information utilized by the operators should be as reliable and accurate as possible. The information received at the control center can be divided into two categories: the "real time information" which is the information derived by the measurements and the "static information" which is the information regarding the power system model (topology, network parameters, models for the various elements) that remain static over a large time interval. Both measurements and network parameters are used as inputs in several applications responsible for monitoring and controlling the power system such as state estimator, voltage stability analysis, and frequency stability analysis. For instance, the power system operators make their decisions based on the output of the state estimator; therefore, uncertainties in measurements or network parameters affect directly the reliability of the state estimator [1] . The advent of the Synchronized Measurement Technology has improved considerably both the quality of measurements received at the control center as well as the network and model parameters. Regarding the measurements, the synchronized phasors of current and voltage, the frequency, and the rate of change of frequency that are provided by the PMUs improve the accuracy of several monitoring applications (i.e., state estimator, voltage and frequency stability, inter area oscillations monitoring, etc.) [2] . In addition, the actual model equivalents of several power system components such as loads, generators, and transformers are validated or refined using solely PMU measurements.
The power system network parameters and especially transmission line parameters are considered time invariant and they are stored in the control center databases. The values of the transmission line parameters are calculated based on manufacturers' data and typical line configurations that may ignore several factors that affect the parameter values [3] . In reality, the parameters of the transmission lines are affected by environmental factors (i.e., temperature and soil resistivity) [4] , or modeling inaccuracies (parallel lines coupling). Further, due to the connection of two different types of lines (e.g., overhead line connected to an underground cable for a few meters) it may be difficult to know reasonably exact values of transmission line parameters. Human factors could also be a possible cause for outdated transmission line parameter databases since several changes in the network configuration might not be reported correctly in the control center or the transmission line length could be inaccurately calculated. Some case studies report that the error between the actual and the stored values of the line parameters can be up to 30% [5] . Such errors in the network parameters could significantly degrade the accuracy of the monitoring and control applications.
Several methodologies were proposed in the literature for identifying and correcting erroneous network parameters [6] . Most of the methodologies are based on the results of the state estimator, which essentially provides the power system operating conditions through the estimated states (buses voltage phasors) using dispersed measurements. However, with the increased deployment of PMUs in the transmission level of the power systems, the use of PMUs at the two ends of the transmission lines could be the simplest and more accurate way for calculating the parameters of a transmission line. Although the availability of two PMUs in each transmission line is not the case in the power system today, the refinement of several parameters of the transmission lines could be performed by using mobile PMUs that can be installed for a certain time period in order to capture the necessary amount of data and then installed in the next transmission line.
The error in the calculation of the line parameters using PMU measurements will come, beyond the limited quality of the simplified electomagnetic model itself, from the uncertainties of the PMU measurement chain. In particular, examining a measurement chain, the two main components that introduce substantial uncertainty in the PMU measurements are the instrument transformers [7] (i.e., voltage and current transformers) and the PMU as a measurement device. In this sense, it is worth investigating how the overall measurement uncertainty introduced by the two components of the measurement chain affects the calculated values of the line parameters. In particular, in this paper both the voltage transformer uncertainty, as well as the current transformer uncertainty which varies according to the current transformer loading are considered. Several useful conclusions are extracted about the variation of the line parameter calculation error during the day. Further, the Total Vector Error (TVE) of the PMU is considered in the calculation error of the line parameters. This paper is organized as follows: In Section II the theory behind the calculation of the transmission line parameters using PMU measurements from the two ends of the transmission line is presented while in Section III the uncertainties introduced to the PMU measurements from the measurement chain are discussed. In Section IV several case studies for investigating the error in the line parameters when they are calculated through PMU measurements are presented and the paper concludes in Section V.
II. CALCULATION OF TRANSMISSION LINE PARAMETERS USING PMU MEASUREMENTS
Among other quantities, the PMU provides (with high reporting rate) the synchronized voltage phasors of the bus where it is connected and the current phasors of the transmission lines that are connected to this bus (the number of transmission lines that are monitored by the PMU depends on the measuring channels of the PMUs). The concept for using the synchronized current and voltage phasors for the calculation of the transmission line parameters implies the presence of one PMU at each end of the transmission line, as depicted in Fig. 1 .
The transmission line is represented in a pi-model having as parameters the series admittance (ysr) that consists of the series conductance (gsr) and the series susceptance (bsr), and the shunt admittance that consists of the shunt conductance (gsh) and the shunt susceptance (bsh). Based on (1) and (2), the calculation of the transmission line parameters is based only on the PMU measurements and therefore any uncertainties contained in the measurements will affect the calculation of the line parameters. The critical question that arises is whether the uncertainties of the PMU measurements could introduce a severe error to the calculated transmission line parameters.
III. UNCERTAINTIES IN A PMU MEASUREMENT CHAIN
According to [9] , the term uncertainty "reflects the lack of knowledge of the value of the measurand" after correcting all the systematic errors observed during the measurement procedure. The uncertainty in the measurements may be due to random effects that in general cannot be predicted and thus the compensation of the measurement uncertainty is not feasible or due to systematic effects that are improperly corrected. In any case, for the representation of the uncertainty the measurement is considered as a random variable and the measurement uncertainty as the standard deviation of the measurement. Further, for the evaluation of the measurement uncertainty there are mainly two methods known as Type A and Type B evaluation method. In Type A evaluation method the measurement uncertainty is defined through the use of repeated measurements (under the same conditions and using stationary signals), where in Type B evaluation method, the measurement uncertainty is determined based on manufacturers' specifications. It should be noted that in this work the Type B evaluation method will be used for the determination of the measurement uncertainty of the instrument transformers and the PMUs.
Examining a typical measurement chain that exists in the power system substation two main components are identified, namely the instrument transformers and the measurement devices (in this work the PMUs). The measurement device usually includes anti-alias filters, processing units, and analog to digital converters which individually contribute to the measurement uncertainty. Further, the cables and joints used for connecting the measurement devices to the instrument transformers might also add some uncertainties to the measurand. Although for the exact calculation of the overall uncertainty introduced by the measurement chain one should take into consideration all the aforementioned sources, such task is not trivial due to the failure of eliminating all the systematic PMU PMU errors and the lack of knowledge of the transfer functions of the filters. In this sense, this work considers only the uncertainty of the two main components of the measurement chain, the instrument transformers and the PMUs.
A simplified measurement chain considered in this paper is shown in Fig. 2 [10] . The instrument transformers scale down the magnitude of voltage and current for being used by the measurement device, while the PMU, after converting the signal from analog to digital following the 1pps received by the GPS, it processes the samples using FFT algorithms for providing the voltage and current phasor measurements. Based on the simplified measurement chain shown in Fig. 2 , the synchronized phasor measurements are subjected to the uncertainties of the instrument transformers thus V transf/Itransf contains an uncertainty component due to the instrument transformer; while meas Ṽ and meas Ĩ are the final measurements used in the calculation of the transmission line parameters and contain uncertainties due to the instrument transformers and the PMU. In this paper, the measurements used next in the case studies are simulated numerically, using the simplified measurement chain in Fig. 2 . Without having any information about the distribution of the errors introduced to the measurements it is implicitly assumed here that the errors introduced to the synchronized voltage and current phasor measurements follow a Normal distribution. In this sense, the current and voltage current phasor measurements are created as [10] ,
), , 0 ( ) , 0 ( are the voltage and current transformer standard uncertainties associated with the magnitude and the phase angle of the respective quantity. As it was aforementioned, in this work the uncertainties are obtained based on the Type B evaluation method. In this sense the uncertainties for the instrument transformers are obtained by assuming that the measurement errors of the instrument transformers belong with a 95% probability to the interval bounded by the maximum errors defined by the manufacturers. Although it is suggested in [9] to represent the errors with a rectangular distribution when the maximum errors are known, the errors in this work are represented by a Normal distribution in order to have a small probability to have instrument transformers errors larger than the ones defined by the manufacturers. This may be the case when instrument transformers introduce errors larger than the ones specified by the manufactures due to aging. With the measurement errors following a Normal distribution the 95% probability implies that the measurement errors will be between -1.96u to +1.96u [9] . Thus, the instrument transformer uncertainties are obtained as, Table I and Table II for each accuracy class of the current and voltage transformer as provided in [11] , [12] . It is worth mentioning that the errors of the current transformers for each accuracy class varies according to the loading of the instrument transformer. As indicated in Table I the error introduced to the measurement when the current transformer is low loaded is larger than the error of the same transformer when it is heavily loaded. This will also be taken into consideration in the case studies that will be presented in the next Section. 
B. Uncertainties due to PMU
In the case of the PMU errors introduced to the measured quantities it is again assumed that they follow a Normal distribution (according to (3)- (6) e are the measurement device magnitude and angle error limits defined by the manufacturer. It should be noted that the coverage probability of 95% as in the case of the instrument transformer errors is used; thus the PMU errors lie between -1.96u to 1.96u.
Regarding the accuracy of the PMU, the TVE is a metric of accuracy that is used in the IEEE standard for synchrophasor measurements for power systems [13] . The TVE is a synthetic metric that essentially consists of the difference between the real and imaginary parts of the actual phasor and the measured phasor (provided by the PMU). According to [13] , the commercial PMUs should have less than 1% TVE.
IV. CASE STUDIES
The main purpose of this paper is to investigate the impact of instrument transformers and PMU errors on the calculation of the transmission line parameters using solely PMU measurements from the two ends of the transmission line. The case studies are performed in the IEEE 14-bus system which consists of 20 branches (17 transmission lines and 3 transformers) modelled in a pi configuration as shown in Fig. 1 and neglecting the shunt conductance (gsh) [14] . Therefore, in the case studies, three kinds of line parameters are calculated: namely the series conductance (gsr), the series susceptance (bsr), and the shunt susceptance (bsh). The actual values of the line parameters for the IEEE 14-bus system are shown in Table III . The error of the parameters that are calculated using the PMU measurements is obtained as, 100 (%) act cal act par par par par error (15) where, paract is the actual value of each of the three parameters (as shown in Table III ) and parcal is the calculated value of the corresponding parameter using PMU measurements. 
A. Case study illustrating the effect of instrument transformers on line parameter calculation
The aim of this case study is two-fold: 1) to investigate the impact of the accuracy class of the instrument transformers on the calculation of the transmission line parameters and 2) to examine whether the loading of the current transformers affects the line parameter calculation since their maximum errors vary according to the current passing through the current transformer. For the first objective 0.1, 0.2, and 0.5 accuracy class transformers were used for extracting the PMU measurements while for the second objective all the line parameters are calculated every 15 minutes during one day. The load profile that was used for generating the PMU measurements is shown in Fig.  3 . It should be noted that the rated current of the current transformers in all the case studies is assumed to be 2000 A. Further, the TVE of the PMU is assumed to be 0.95% and the explicit maximum error for the voltage and current magnitude and angle is shown in Table IV [15] . The maximum calculation error of the series susceptance (gsr) during the day for all the transmission lines is shown in Fig.  4 . The reason for choosing the series susceptance is because as shown in Table III , it is the only parameter that is non-zero in all the transmission lines. As it is shown in Fig. 4 the maximum error among all the lines is approximately 13% for line 5 (line that connects bus 2 to bus 5 according to Table III) when instrument transformers of 0.5 accuracy class are connected to the PMUs. In general, for almost all the transmission lines the calculation error is (naturally!) larger in the case of the 0.5 accuracy class transformers than in the case of 0.2 accuracy class transformers, while the smallest calculation error occurred when 0.1 accuracy class transformers were considered. This observation was expected since the 0.1 accuracy class introduce the smallest error to the measurand according to Table I and II. It should be emphasized here that in the calculation of the line parameters the accuracy class of the instrument transformer should certainly be taken into consideration. In other words, the calculation of the line parameters from PMU measurements coming from a measurement chain of 0.5 accuracy class transformer will probably introduce a larger error to the calculated parameters than they may have when they are calculated through manufacturers' data. It is also interesting to investigate the variation of the calculation error during the day from the moment that the error introduced to the measurand from the current transformer varies according to the loading of the current transformer. The calculation error for the three parameters (gsr, bsr, bsh) of line 5 during the day is shown in Figs. 5-7 respectively.
As it is illustrated in Figs. 5-7 (especially in Figs. 5 and 6 ) the calculation error of the line parameters varies according to the load variation during the day. In particular, in the interval between 0 to 8 o'clock where the load is small, the calculation error is the largest for the three accuracy classes of instrument transformers. On the other hand, in the time interval between 16 to 20 o'clock the load presents a peak, resulting in the smallest calculation error of the line parameters. This indicates that the loading of the current transformers should be taken into consideration in the calculation of the line parameters using PMU measurements.
Further, it should be emphasized that the error in the interval between 0 to 8 o'clock is severe even for high accuracy class transformers and such error will certainly cause large inaccuracies in the monitoring and control applications of the control center. Based on Table I the above conclusions are obvious since the current transformers have higher accuracy to their rated current and higher errors when the current passes through them decreases. The use of PMUs in the power systems provides several capabilities to the operators for real time monitoring and control, but also for refining the power system models, such as the parameters of the transmission lines. In this paper, the effect of the uncertainties introduced to the PMU measurements due to the instrument transformers and the PMU on the calculation of the transmission line parameters is investigated.
Based on the results that are shown in this paper, the instrument transformer is a critical component that may deteriorate considerably the calculated values of the transmission line parameters. A poor class instrument transformer (such as the 0.5 accuracy class instrument transformer) can impact negatively the calculation of the line parameters introducing a considerable error in the calculated parameters. In this sense, during the procedure of the line parameter calculation the instrument transformer accuracy class should always be taken into consideration. In other words, the parameters calculated from a measurement chain that includes a poor accuracy class transformer should be further refined since they might contain a significant error.
Further, the time instant during the day that the line parameters are estimated is quite important. As it is shown in this paper, the calculation error varies during the day according to the load variations. This is because the current transformer error magnitude depends on its loading conditions. Therefore, the line parameter calculation when the current passing through the instrument transformer is close to the rating value is more accurate than other time instants.
As a future work, a minimization algorithm of the instrument transformers contribution to the error of the calculation of the line parameters will be investigated. Since in several substations the measurement chain might include poor accuracy class transformers, it would be interesting to develop an approach that will provide more accurate calculated parameters even in the presence of low quality measuring infrastructure. 
